Complete conversion of scheelite in H2SO4 solution plays a key role in exploration of cleaner technology for producing ammonium paratungstate. In this work, the factors influencing scheelite conversion were investigated experimentally to model the kinetics. The results indicated that the conversion rate increases with increasing temperature and reducing particle size, but is almost independent of stirring speed. Moreover, although the conversion rate increases with increasing initial RT ·t (t, min). This work could contribute to better understanding of scheelite conversion in H2SO4 solution and development of a new route for ammonium paratungstate production.
Introduction

Ammonium paratungstate (APT) is an important intermediate product in industrial tungsten
production. The main tungsten minerals in nature used to produce APT are scheelite (CaWO4) and wolframite [(Fe,Mn)WO4], with approximate two-thirds of the world tungsten reserves consisting of scheelite deposits. Due to progressive exhaustion of wolframite sources, scheelite has become the chief raw material for production of tungsten. 1, 2 In APT production, two main methods are used to decompose scheelite, named the soda/caustic soda and acid method. 3 The former method decomposes scheelite concentrate in caustic soda or soda solutions by converting CaWO4 to soluble Na2WO4 in an autoclave. 4, 5 This approach has good flexibility for treatment of different types of raw material, such as scheelite concentrates, mixed scheelite-wolframite concentrates, and even low-grade ores. However, this method is usually operated at high temperature and pressure, and in particular requires large amounts of reagents to guarantee high tungsten 2 recovery. 2, 6, 7 The resulting sodium tungstate is traditionally converted to ammonium tungstate and excess soda or/and caustic soda to other sodium salts by solvent extraction or ion exchange in purification of the tungsten-containing solution, raising production costs and environmental stress due to discharge of huge amounts of high-salinity wastewater. 8 Compared with the soda/caustic soda method, the acid method has the potential to remarkably reduce the discharge of high-salinity wastewater. In this method, acidic medium is used to decompose scheelite concentrates, traditionally forming solid tungstic acid or metatungstate 9,10 when using . [17] [18] [19] [20] As early as 1965, Forward and Vizsolyi proposed decomposition of scheelite using sulfuric acid with subsequent extraction of tungsten from the resultant mixture of insoluble H2WO4 and
CaSO4·nH2O by dihydric or polyhydric aliphatic alcohol. 21 Obviously, the decomposition process is distinctly different from the abovementioned leaching process for formation of soluble tungsten compounds. Unfortunately, there is limited research on scheelite decomposition using H2SO4. Our previous work on this decomposition process revealed the formation mechanism of the H2WO4 layer which may cover the surface of unreacted tungsten mineral particles and thus hinder reaction progress, but insufficient attention has been paid to the corresponding kinetics to data. 13 To further optimize this conversion process, it is necessary to investigate the kinetics of scheelite conversion in sulfuric acid. Thus, the effects of stirring speed, sulfuric acid concentration, temperature, and particle size on the conversion rate were examined in this work, then a kinetic model for the conversion was established. The results of this study are expected to contribute to improving the technique for manufacturing APT from scheelite concentrate via the sulfuric acid conversionammonium carbonate leaching route.
Materials and methods
Materials
All reagents used in this work were of analytical grade, purchased from Sinopharm Chemical Reagent Co., Ltd. Scheelite concentrate samples, provided by Jiangxi Rare Metals Tungsten Holdings Group Co., Ltd., China, were dried, ground and sieved to different size fractions (−100/+74 μm, −74/+58 μm, and −58/+45 μm). The WO3 content in the different size fractions and the x-ray diffraction (XRD) pattern of the scheelite concentrate are presented in supplementary Table SI and Fig. S1, respectively.
Procedures
Conversion experiments were conducted by placing 250 mL sulfuric acid solution into a 500-mL three necked round-bottomed flask, which was heated thermostatically in a water bath pot. A sample (5 g) was added to the solution when the operating temperature (± 0.5 K) was maintained. The slurry was stirred at designated speed using a polytetrafluoroethylene (PTFE)-coated agitator. The resultant slurry from each run was quickly filtered after a certain duration to obtain a cake (converted product), which was used to determine the conversion ratio of scheelite.
Methods
The converted product obtained in each run was added into 100 mL mixed lixiviants (0.5 mol/L NaOH and 2.0 mol/L Na 2CO3), and the slurry was stirred for 1 h to dissolve H2WO4 at ambient temperature. Under these conditions, scheelite cannot be decomposed. The leaching solution and residue were obtained by filtration. The residue was washed, then dried at 363 K in an oven for 8 h to obtain the leaching residue sample, followed by weighing on an analytical balance. Subsequently, the WO3 contents in the residue sample and the leaching solution was measured respectively by thiocyanate method 22 to reduce the experimental error. Presuming that the H2WO4 in the converted product was completely dissolved and the unreacted scheelite was not decomposed at all, the conversion ratio of scheelite to H2WO4 in the conversion process can thus be determined using Eq. 1 as the mean of the conversion ratios calculated from the residue sample and leaching solution. 
Results and discussion
Conversion experiments
The effect of stirring speed on the conversion of scheelite in H2SO4 solution was first studied in the range of 300-600 rpm (Fig. 1a) . The conversion rate was almost independent of stirring speed in the case of ≥ 450 rpm, indicating that diffusion in bulk solution had no remarkable influence on the scheelite conversion in such situation. Hence, constant stirring speed of 450 rpm was adopted in subsequent experiments, where the conversion may therefore be under chemical reaction control or/and internal diffusion control in the product layer.
The conversion results at different temperatures (323-373 K) are shown in Fig. 1b . It was observed that the scheelite conversion was significantly sensitive to temperature, increasing regularly with increasing temperature. The conversion was only ~10% at 323 K and barely increased after 20 min, whereas almost complete conversion was achieved after 80 min at 373 K.
The effect of H2SO4 concentration on scheelite conversion was studied in the range from 0.5 to 1.5 5 mol/L. The conversion curves (Fig. 1c) show that the scheelite conversion increased with increasing sulfuric acid concentration up to 1.25 mol/L. However, when the H2SO4 concentration was raised to 1.5 mol/L, the conversion rate decreased rapidly after 10 min and the conversion ratio was only 51.52% even after 120 min, which can be explained by the effect of the H2SO4 concentration on the formation of a H2WO4 layer on unreacted particles. 13 The effect of particle size on the conversion of scheelite was also examined using the three sieved samples of scheelite concentrate. The results are presented in Fig. 1d . As expected, reducing the scheelite particle size accelerated the conversion rate of scheelite in H2SO4 solution. The tungsten conversion reached to 90.9% in 120 min for the −58/+45 μm particles, while it was only about 54.8%
for the −100/+74 μm particles.
In summary and as expected, increasing the temperature and reducing the particle size of scheelite 
Kinetic model selection
As mentioned above, diffusion through the bulk fluid to the solid particles did not act as the ratecontrolling step at stirring speed ≥450 rpm. To check the presence of the product layer, EDS mapping of the incompletely converted products obtained in 1.0 and 1.5 mol/L H2SO4 solution was carried out.
As shown in Fig. 2 , the H2WO4 layer was either not observed or found to be discontinuous on the 
For the sake of completeness, the diffusion control through the product layer is also considered, as shown in Eq. 3.
where α represents the conversion ratio of scheelite, K is the overall reaction rate constant (min 
Kinetic model verification
To verify the kinetics model, based on the data in Fig. 1b , the relationships between the conversion ratio (α) of scheelite and reaction time (t) in ≤ 1.25 mol/L H2SO4 solution are drawn in Fig.   3a and Supplementary Fig. S2 according to Eqs. 2 and 3, respectively. Obviously, the kinetic data acceptably fit the shrinking sphere model under surface reaction chemical control (Fig. 3a) rather than the internal diffusion control (Supplementary Fig. S2 ).
Based on the experimental data in Fig. 1c-d Table I , further indicating that the surface reaction chemical-controlled shrinking sphere model fits the kinetic data quite well. 
where k is the rate constant for surface chemical reaction (min -1 ), C is the concentration of reactant (H2SO4, mol/L), n is the reaction order with respect to H2SO4 concentration, r0 is the mean initial particle equivalent radius of scheelite particles (μm), ρ is the density of scheelite (19.3 g/cm 3 at 293 K) 1 , A0 is the frequency factor (min -1 ), E is the activation energy (J/mol), R is the universal gas constant (8.314 J·K -1 ·mol -1 ), and T is reaction temperature (K).
The overall reaction rate constants for different temperatures (333-373 K) were determined as the slopes of the straight lines in Fig. 3a . RT t for all experimental data from this work is plotted in Supplementary Fig. S3d . A straight line could be well fit to the data points with correlation coefficient above R 
